sulting in secondary ischemic infarction. None of the ICH patients without IVH showed significantly elevated flow velocities or secondary infarction. Conclusions: Cerebral VSP with secondary infarction may occur in patients with spontaneous IVH, though far less frequently than in SAH; thus, systematic screening of all patients with IVH may not be warranted. However, serial TCD should be considered in patients with secondary clinical worsening or extensive IVH.
Introduction
In the management of subarachnoid hemorrhage (SAH), cerebral vasospasm (VSP) is a frequent complication that develops in more than 60% of patients between days 3 and 8. Only about 30% of patients with VSP become symptomatic [1, 2] . Although the mechanism of the development of VSP is not fully understood, the main hypothesis is that heme products circulating in the subarachnoid space lead to vasoconstriction via multiple distinct pathways [3] . In primary intracerebral hemorrhage (ICH) with ventricular involvement (IVH), heme products also reach the subarachnoid space through cerebrospinal fluid (CSF) circulation, although at a lower con-centration. Thus, it is conceivable that these patients are also in danger of developing VSP. However, delayed ischemic neurological deficit (DIND) and delayed cerebral ischemia (DCI) caused by VSP are not frequently observed in this patient population. Possible explanations are that the lower concentration of circulating heme products are insufficient to cause VSP in IVH or that VSP are milder, not leading to DCI with distinct DIND, but possibly to a clinically not as evident permanent hypoperfusion. Several case presentations of VSP in IVH leading to secondary infarctions are reported in the literature [4] [5] [6] [7] [8] ; however, a systematic investigation regarding the incidence of VSP in this population has not yet been conducted. We performed a prospective study to evaluate the frequency and clinical relevance of VSP using serial ultrasound examinations and analysis of standard CT scans in patients with ICH with or without IVH.
Methods

Patients and Management
Patients with spontaneous ICH (n = 115) were enrolled into the study in the predefined 1-year study period (4/2009-4/2010) . Patients with evidence of SAH or other forms of secondary hemorrhage (i.e. arteriovenous malformations) were not included in this study. In addition, patients undergoing early hematoma evacuation and those who received do not treat/resuscitate orders within 24 h of admission were also excluded. Treatment of ICH was conducted according to international guidelines [9] . Intraventricular treatment with rt-PA as well as the management of extraventricular and lumbar drainages was conducted according to previously published institutional protocols [10] . All patients with occlusive hydrocephalus received extraventricular drainages. CSF cell counts as well as microbiological analyses were performed at regular intervals in order to exclude infection. In all ventilated patients, pCO 2 was measured at regular intervals and was kept between 35 and 45 mm Hg whenever possible.
Standard Protocol Approval, Registrations and Patient Consents
Consent to participate in this study was obtained from all patients or their relatives/legal guardians. The study was approved by the local ethics committee.
Neurosonological Methods
All transcranial Doppler sonography (TCD) examinations were carried out by a dedicated trial team independent of the clinical ICU team. All investigators were experienced neurosonologists and certified for neurological vascular ultrasound by the German Ultrasound Society (DGKN/DEGUM). Extra-and transcranial Doppler sonography was conducted at baseline (within 24 h of symptom onset), after 3-5 days and again after 7-9 days with a conventional Doppler system (Sonara/tek; Medilab, Würz-burg, Germany) equipped with a 2-MHz (pulsed wave) and a 4-MHz (continuous wave) probe. Within the standardized study protocol, first the middle cerebral artery (MCA) was examined on both sides between depths of 45-65 mm. In addition, the anterior cerebral artery was insonated between 60 and 75 mm, the posterior cerebral artery between 60 and 75 mm and the basilar artery between 70 and 110 mm to detect VSP not affecting the MCA. The respective maximum flow velocity was used for the analysis. However, while TCD of the MCA has a reasonable positive and negative predictive value for predicting angiographic vessel narrowing, it is less useful for other intracranial vessels [11] . Therefore, only MCA velocities were entered in the analysis. Flow velocities (cm/s) within the MCA were calculated using an established and validated conversion formula [flow velocity (cm/s) = 40 ! Doppler frequency (kHz)] [12, 13] . Once VSP were diagnosed, daily TCD monitoring was initiated and continued until intracranial velocities had normalized.
Diagnosis of Vasospasm
Diagnosis of VSP was based on both velocity and Lindegaard ratio, as recommended [14] [15] [16] [17] . Severity of VSP was divided into three groups: (1) mild VSP defined as an increase of 1 50% in the baseline velocity per day between baseline and follow-up examination with a mean velocity ! 160 cm/s and a Lindegaard ratio (V MCA /V ICA ) between 2 and 6 [18] ; (2) moderate VSP with a mean velocity above 160 cm/s and Lindegaard ratio above 6 ( 8 0.3) [14, 16] , and (3) severe VSP with velocities 1 200 cm/s and Lindegaard ratio above 6 ( 8 0.3) [14, 16] .
Computed Tomography
No study specific CT scans were performed. However, according to international and institutional guidelines [9] , CT scans were carried out on admission, after 24 h to rule out hematoma growth as well as prior to discharge. In addition, following an institutional protocol, all patients received CT angiography on admission to rule out potential underlying vascular pathology (i.e. arteriovenous malformations, aneurysms). Later follow-up CTs were done at the discretion of the treating physician depending on the clinical condition of the patient. All CT scans were analyzed for potential secondary cerebral infarctions.
ICH volume was calculated using the formula for ellipsoids ABC/2 [19, 20] . Regarding the low reliability and feasibility of quantitative volumetry in IVH [21] , the intraventricular blood portion was not considered for hematoma volume measurement.
Statistics
Statistical analysis was performed with the SPSS 17.0 software package. The significance level was set at ␣ = 0.05. Statistical tests were two-sided. Distribution of the data was assessed with the Kolmogorov-Smirnov test. Normally distributed data are presented as means 8 SD. Other data are presented as medians and IQR.
Results
Study Population and Baseline Characteristics
A total of 115 patients with spontaneous ICH were prospectively enrolled into this study between 4/2009 and 4/2010. One patient with ICH had insufficient tem-poral bone window, and was therefore excluded from the analysis. Hence, 114 patients remained eligible for participation in this study, 53 (46%) with ventricular involvement (IVH group) and 61 (54%) patients with isolated parenchymal hemorrhage (ICH group). The demographic and clinical data of the patients are given in table 1 .
Incidence of VSP
None of the patients with ICH without IVH showed elevation of flow velocities. In contrast, the incidence of VSP in the IVH group was 5.6% (3/53; CI: 0-12/53). A 58-year-old man with hypertensive deep ICH with extensive IVH developed moderate VSP in the left MCA (contralateral to the ICH) on day 5 after onset, progressing into severe VSP on day 7 ( fig. 1 ) . Because of the ongoing sedation and ventilation of the patient, a clinical worsening was not observed. However, a follow-up CT scan on day 9 showed left-sided DCI ( fig. 1 , arrow) .
Two patients developed mild VSP after 3-5 days. No specific treatment was initiated and follow-up examinations did not reveal progression of VSP ( fig. 2 ) or clinical deterioration. All three patients with VSP had extensive IVH affecting all ventricles with large intraventricular blood volume.
Incidence of DCI
None of the patients in the ICH group and only 1 patient in the IVH group (1/53; 1.9%) showed DCI on follow-up CT scans. The only patient with DCI was the patient with severe VSP in ultrasound screening. The infarction was detected 4 days after VSP became apparent in ultrasound screening ( fig. 1 ).
Discussion
Cerebral VSP are a common complication after SAH, but have rarely been reported in ICH without subarachnoidal bleeding. Most reports on VSP in non-subarachnoidal ICH show occurrence mainly in the context of arteriovenous malformations [5] [6] [7] [8] 22 ] , but also in spontaneous hypertensive IVH [4] . Following pathophysiological considerations with heme products circulating in the CSF reaching the subarachnoid space, it is conceivable that VSP may occur in IVH patients. With mainly case presentations in the literature, we undertook a prospective study systematically screening for DCI and VSP in patients with spontaneous ICH with and without IVH.
The frequency of VSP after SAH has been the subject of extended research, with more than 60% of patients developing significant VSP and almost one third of those patients becoming symptomatic. The incidence of VSP after spontaneous IVH has not yet been investigated. Dull and Torbey [4] presented the case of a female patient with isolated IVH after administration of heparin for bilateral cerebellar infarction. On day 3 after the IVH, the patient developed VSP; however, no subsequent vasospastic infarctions were detected. Another case report, presented by Gerard et al. [22] described a female patient with isolated IVH caused by a temporal arteriovenous malformations. Angiography revealed VSP in several intracranial arteries resulting in multiple infarctions. Performing a systematical screening for DCI and VSP in ICH patients, our data show that while DCI and VSP after primary ICH do occur, the frequency is much less than after SAH: 3 of 53 patients (5.6%) with IVH and none with mere ICH developed VSP. Only 1 patient, the patient with severe VSP, in the IVH (1.9%) and none in the ICH-only group showed evidence of DCI on follow-up CT scans. This, on the other hand, corresponds to the fact that the only patient with DCI in our series also showed prior severe VSP. Clinically, this would imply ultrasound as a screening method for DCI. All of the affected patients had extensive intraventricular bleeding involving all ventricles ( table 1 ) . It is therefore conceivable that IVH patients with large intraventricular blood volume -and therefore a higher concentration of circulating heme products in the CSF -develop VSP more often than those with only small quantities of IVH. Even though we cannot formally prove this hypothesis because of the small case number of patients with VSP in our study, this observation is in line with previously published data on the prevalence of VSP in SAH patients. Here the amount of subarachnoid blood is a good predictor of DIND/DCI [1, [23] [24] [25] [26] . Because of the assumed time-frame of VSP preceding DIND/DCI, serial TCD may serve as a screening tool in patients with extensive intraventricular hemorrhage that cannot be monitored clinically due to severity of neurological deficit.
There are limitations to our study, mainly the small patient number and the single-center design. With only 3 patients developing elevated flow velocities, no firm analyses regarding predictors or risk factors for the development of VSP were possible. Furthermore, rather aggressive protocols regarding intraventricular lysis and drainage of intraventricular blood through extraventricular drainage might have led to a reduced incidence of VSP. Since the majority of patients in our study were sedated and ventilated over the study period due to large ICH, no valid analysis regarding the incidence of DIND was possible. However, it is to our knowledge the first systematic examination on the incidence of VSP and DCI in IVH patients. Another limitation is that for practical and ethical reasons neither serial CT angiographies nor conventional angiography were part of our study design. This mirrors the clinical routine, and TCD is of established value and widely accepted in the detection and monitoring of angiographic vasospasm (type A, class I-II) [16] . It displays a sensitivity and specificity for the diagnosis of symptomatic VSP and subsequent cerebral infarction on CT scans of 70-80% [27] [28] [29] . In addition, VSP diagnosis by TCD has a high correlation with the findings on DSA if vessels can be isolated [30] . 
